In this work the differential cross sections for gamma-ray emission from the 14 implanted Si detector at 135 0 with respect to the beam direction in the deuteron energy range 0.65 -2.0 MeV. The target was a thin silicon-nitride film. Gamma-ray angular distribution measurements were performed to determine the possible anisotropy of the gamma-ray emission, and the measured cross section values were converted into total gamma-ray producing cross sections for most of the gamma-ray emissions. The average uncertainties of nitrogen and silicon gamma-ray production cross sections are 5% and 12%, respectively and 8% concerning the particle production cross section of nat N(d,d 0 
Introduction
Particle induced gamma-ray emission (PIGE) is an ion beam analytical technique based on the measurement of characteristic prompt gamma-rays. It is often applied for quantitative determination of light elemental composition of solids in their surface regions. Unfortunately, proton induced gamma-ray emission (p-PIGE) is not suitable for the determination of carbon, nitrogen and oxygen at lower incident energies due to the low gamma yields. One can overcome this disadvantage of p-PIGE by the use of deuteron induced gamma-ray emission (d-PIGE or DIGE). Since the publication of systematic measurements of absolute thick-target γ-yield curves for many elements in the region of Z = 3-20 [1] , [2] , several applications of the d-PIGE method have been published.
The determination of the nitrogen content of samples by d-PIGE was published in various fields of application. The first example given here is the use of d-PIGE to determine the nitrogen content of an ultra-thin silicon oxynitride film [3] . Another early work described the methodology for applying the 14 N(d,pγ) 15 N nuclear reaction to measure low nitrogen levels in steel, in cases of both macro-and micro-beam analysis [4] . The applicability of the technique was also demonstrated on archaeological and ecological samples [5] . Concerning the archaeological objects, the elevated carbon and nitrogen content in the incrustations of potteries supported the hypothesis of archaeologists that the main constituent of the ornamenting white substance of certain incrusted (white decorated) potteries from the territory of Hungary could be bone grit. In the same work, a PIXE analysis of fish scale samples was completed by the measurement of lateral distributions of carbon, nitrogen and oxygen. In the work of Ager et al., nitrogen contents in micas of metamorphic rocks were measured at a nuclear microprobe [6] . Micas are minerals which provide information on geological processes due to the sensitivity of their chemical composition to temperature, pressure and deformation of rocks in which they form.
In material science, metal-organic chemical vapour deposition (MOCVD) is a wide-spread technique for the growth of thin films of large area with good composition control. Some of the recent applications of this technique concern the production of rare-earth nitride materials (like dysprosium nitride) which are of great interest for a number of applications (e.g. in spintronics) [7] . Rare-earth oxides and rare-earth-scandates are interesting for metal-oxidesemiconductor field-effect transistors (MOSFET) as well as Ge metal-oxide-semiconductor (MOS) transistors [8] . Zirconium-based thin films like zirconium oxide and zirconium nitride also have many applications (optical sensors, thermal coatings, reflectors, fuel cells as well as hard coatings, diffusion barriers, etc.) [9] .The thin films obtained by MOCVD were investigated by employing a wide range of thin film analytical techniques, including X-ray diffraction (XRD), scanning electron microscopy (SEM), Rutherford backscattering (RBS) and deuteron induced gamma-ray emission (d-PIGE) analysis. D-PIGE was used either to measure the ratio of carbon, nitrogen and oxygen within the bulk of the films, or to determine the contamination level of light elements (C and N) in thin films.
In the fields of semiconductor preparation, depth profiling [10] and geological applications [6] , the determination of the silicon content of materials with different kind of ion beam analytical techniques may also be required. Particle production cross sections of silicon reactions for analytical purposes were investigated extensively earlier [10, 11, 12] , in contrast to gamma detection. Despite the lower gamma-ray production cross sections and higher detection limit, d-PIGE could be useful in some special applications, where the simultaneous determination of light elements is required. There is even a possibility for the complex analysis of samples without standards through the combined d-PIGE/DIXE (deuteron induced X-ray emission) if the gamma-ray production cross sections are well-known. To the best knowledge of authors, gamma-ray production cross section of the 28 Si(d,pγ) 29 Si reaction has not been determined in the energy range under 2 MeV yet.
This work was mainly devoted to the determination of thin target d-PIGE cross sections for the analysis of nitrogen, in the framework of a project coordinated by the International Atomic Energy Agency which aims to develop a reference database of PIGE cross-sections for ion beam analysis. As the target material was a silicon-nitride thin film, the determination of some Si gamma-ray production cross sections was also possible. In order to check the reliability of our measurement system and to get more information about the reaction mechanisms, the determination of the excitation functions of some proton groups in the 14 N(d,pγ) 15 N reaction was also carried out. Gamma-ray angular distribution measurements were also performed to detect potential anisotropies which may affect the actual practice of analytical applications. The results will be uploaded to IAEA IBANDL (Ion Beam Analysis Nuclear Data Library, www-nds.iaea.org/ibandl/) to make them freely available for nitrogen and silicon determination by d-PIGE. This work is also a continuation of our earlier efforts to determine light element gamma-ray production cross sections for d-PIGE [13] .
Experimental
The experiments were performed at the 5 MV Van de Graaff accelerator of MTA Atomki. The energy analysing device of the accelerator consists of a 90-degree homogeneous field analyzing magnet with adjustable energy defining slits before and after it. The magnetic field of the magnet is measured by a nuclear magnetic resonance (NMR) fluxmeter [14] . The calibration constant giving the relation between the particle energy and NMR frequency [15] was determined independently using the resonance of the 27 Al(p,γ) 28 Si reaction at 991.86 ± 0.03 keV [16] and the 7 Li(p,n) 7 Be reaction threshold at 1880.44±0.02 keV [17] . Target materials applied for these measurements were a 750 nm thick Al foil, and a 135 µg/cm 2 thick
LiF evaporated on Ta backing, respectively. The calibration around 992 keV was repeated several times (before and after the cross section measurement with deuteron beams) at the same slit settings and new calibration constants were calculated. As a result, the obtained calibration constants varied within 0.3 %, which means that the uncertainty in the proton beam energy of the accelerator was of the order 3 keV in the 900 -1900 keV energy range. According to the formula given for the calibration constant in ref. [15] , we can suppose that this value is also valid for a deuteron beam.
The deuteron beam after passing through a switching magnet was transported to a PIGE reaction chamber modified to this project and installed to the J30 beam-line. The rather small chamber (with a diameter of 9.5 cm) was insulated from the rest of the beam pipe, and had several diaphragms in its long entrance tube to form a beam of 1 mm diameter and also to eliminate secondary particles, and ended in a long Faraday cup. The analysed deuteron beam did not exceed 100 nA, while the beam current measured in the chamber was kept between 20 and 50 nA during the measurements. The accumulated beam charge was measured by an ORTEC 439 Digital Current Integrator and varied between 20 and 400 μC for each single run depending on the deuteron energy. In order to determine the stochastic uncertainty of the current integration, yield determination was made using an Al foil of 750 nm thickness. Based on the yield measurements for the 1779 keV aluminium peak in the 27 Al(p,γ) 28 Si reaction, the stability of charge integration was better than 1%.
Gamma-rays were detected with a CANBERRA Model GR4025-7600SL coaxial type HPGe detector (diameter: 59.5 mm, volume of the crystal: 170 cm 3 , energy resolution: 2.3 keV at 1.33 MeV) installed on one of the two arms of a turntable at an angle of θ=55° relative to the incident beam direction. The front face of the detector was 9.5 cm and 20.7 cm far from the target in case of excitation function and angular distribution measurements, respectively. The detector was surrounded by a lead shield of 5 cm thickness, and additional shields built from lead bricks were applied close to the entrance diaphragms as well as the Faraday cup to protect the detector against gamma-rays originated from them. The inner wall of the target chamber was covered with a copper lining to decrease gamma radiation caused by backscattered particles in the stainless steel wall of the chamber. The gamma-ray background in our experimental arrangement was determined with a deuteron beam let through the chamber. It turned out to be less than 2.5% in all the studied peaks which was taken into account in the cross section calculations.
The target chamber had an inlet for a particle detector at β=135 o relative to the beam axis. An ORTEC ion-implanted silicon detector with 500 µm active depth and 35 keV energy resolution was installed in it. A 3 mm diameter copper collimator in front of the detector served to reduce high intensity backscattered particles and to define a solid angle for the detector. The determination of the solid angle of the Si detector was done with alpha-RBS and a Th(B+C) radioactive source with a well known activity. Based on these methods, the solid angle was found to be 5.8 ± 0.1 msr. This set-up was intended to detect the backscattered particles from the target. The novelty of this experimental arrangement compared to our previous one [13] is the simultaneous measuring of gamma-rays and particles from the reactions investigated, which gives the possibility of continuous target thickness determination when the elastic backscattering cross section is considered as Rutherford, and which contributes to the reliable determination of the excitation functions, in this case belonging to the 14 N(d,p 4,5,6,7 ) 15 N reactions. The schematic drawing of the chamber and the experimental set-up is shown in Fig. 1 .
Determination of the efficiency of the gamma-ray detector
In order to determine the absolute efficiency (ε abs ) of the gamma-ray detector for every nitrogen and silicon gamma-line, radioactive sources supplemented with narrow resonance reactions were used. For the E γ < 3500 keV region, radioactive sources such as 133 were calibrated previously by the Hungarian National Office of Measures. For the E γ > 3500 keV region, the detector efficiency was determined using gamma-cascades from the 23 Na(p,γ) 24 Mg and 27 Al(p,γ) 28 Si reactions at 1417 and 992 keV resonance energies,
respectively. An approx. 100nm thick Na 2 WO 4 layer evaporated onto a self-supported carbon foil and a 750nm thick aluminium foil served as targets. The applied relative intensities of the reactions are taken from refs. [18] and [19] . In order to determine the absolute full-energy peak efficiency curve fitted on the calibration points, two different formulas were applied in the case of photo peaks, one for energies below 3.5 MeV, and another one from 2 MeV up to 10 MeV. The first formula was calculated with a power-function recommended by Abriola et al. [20] and the second one was a third-order polynomial. The absolute double escape efficiency was calculated using a fourth-order polynomial. With this, the contribution of the double escape line of the 8310 keV gamma-line could be separated from the 7299 keV gamma-line in the gamma-ray production cross section calculations.
Description of the experimental set-up, energy calibration of the accelerator, particle detector solid angle determination and the procedure of the absolute efficiency determination of the gamma-ray detector is also published in [21] .
Target properties
A thin film of Si x N y (x=1, y=1±0.05, thickness: 200±14 nm, area: 5×5mm 2 , data was provided by the manufacturer, Norcada Inc.) was selected as a target in order to measure cross-section as a function of energy. During the measurements, gamma-rays, protons and backscattered deuterons were detected simultaneously. Below 0.95 MeV the backscattering of deuterons on nitrogen can be considered as Rutherford [22] . The respective value for silicon is 1.6 MeV. Below these energies we could determine the number of target atoms (N t ) at each energy point 0 with equation (1).
In the above equation Y(E 0 ,β) is the scattered projectile yield for the given element in the target (i.e. the area of the scattered projectile peak corrected for live time) measured at projectile energy E 0 and particle detection angle β, dσ Ruth (E 0 ,β)/dΩ is the Rutherford cross section for the given element at projectile energy E 0 and particle detection angle β, ε is the intrinsic efficiency of the particle detector (~100%), Ω is the solid angle of particle detection (assumed to be small), N p is the number of incident projectiles which can be calculated as the ratio of the accumulated (Q) and elementary (e) charge. Si nuclides in the target was calculated from the above data taking into account the 0.9963 and 0.9223 natural isotopic ratios of 14 N and 28 Si.
Gamma-ray and particle yield measurements
As both nitrogen and silicon have rather complicated d-PIGE spectra (see figs. 4. and 10. in ref. [2] ), in the case of silicon nitride even more complicated spectra were expected. Only relatively intense gamma-rays which could also be separated from others were selected for yield measurements. 29 Si] gamma-ray yields were measured. Although the applied particle detector had a rather poor energy resolution, and the electronic set-up was optimized to detect the backscattered Si peak, it was still possible to measure the yields of the 14 14 N elastic scattering simultaneously with the gamma-ray yields. Fig.2 . shows a typical particle spectrum, measured at 135 0 with 2 MeV deuteron beam. The cross section measurements were carried out with 50 keV steps from 2 MeV to 0.65 MeV, and at certain points the measurement was repeated in two additional runs.
Determination of cross sections and discussion of the results

Gamma-ray production cross sections
Differential cross sections were calculated according to the following equation [23] :
where Y γ (E 0 ,θ) is the measured γ-ray yield (i.e. the net area of the γ-ray peak corrected for live time) at projectile energy 0 and γ-ray detection angle θ, N p is the number of incident projectiles, N T is the number of target nuclei per square centimeter and ε abs (E γ ) is the absolute efficiency of the HPGe detector corresponding to the E γ energy γ-ray line.
Concerning the measured gamma-ray yields (Y γ ), the uncertainties were below 4% in the case of every nitrogen transition and varied between 1-40% for the silicon gamma-lines which depended strongly on the incident deuteron energy and the silicon reaction channel.
After the accurate determination of the experimental parameters, we considered the possible uncertainties in the following way. The error of N t was 2.5% based on alpha and deuteron-RBS measurements. The stochastic and systematic uncertainty of charge determination was taken into account with 3%. For the absolute efficiency (ε abs ) 2% was assigned from fitting the experimental data. The errors were added quadratically and these values are indicated in the cross section figures. The average uncertainties of the nitrogen and silicon gamma-ray production cross sections are 5% and 12%.
Gamma-ray angular distributions
From Equation (2) the total gamma-ray production cross section can be calculated by a multiplication with 4π only in the case if the gamma-ray angular distribution is definitely isotropic, which is guaranteed e.g. if the initial state of the transition has a ½ spin value [24] The spin-parity values of initial states of the studied gamma transitions are summarized in Table 1 . Owing to the spin of the initial state, only the angular distribution of the 8310 keV gamma-rays must be isotropic. For all other gamma-rays one has to determine the anisotropy experimentally. This experiment was performed using a deuteron beam of 1.95 MeV at laboratory angles of 30°, 45°, 55°, 75°, 90°, 120°, and 135°.
In both reactions the measured gamma yields Y γ as a function of detection angle were fitted with a Legendre polynomial expansion using the following formula:
where A 0 and A 2 are the fit parameters, θ is the angle in the c.m. frame and higher order terms of the expansion are neglected. The best fit values and uncertainties of the A 2 parameter, which reflects the (an)isotropy of the transition are listed in Table 1 . For the 8310 keV gamma transition the A 2 parameter is consistent with zero within two sigma statistical uncertainty. This fit is shown in fig. 3A . where the thick line shows the best fit curve while the thin contours represent the one sigma uncertainty band. In the case of a few transitions significant anisotropy is observed. An example is shown in fig. 3B . where the angular distribution of 28 Si(d,pγ 3-0 ) 29 Si reaction channel, having the highest A 2 value is shown.
The total cross sections of the present work (see below) were obtained by multiplying the differential cross section measured at 55° by 4π. Owing to the observed anisotropy in the case of a few studied transitions, variation of up to 23% can be expected if measurements are carried out at different detection angles. Therefore, for analytical purposes we recommend to carry our gamma detection at 55° where the effect of the angular distribution is the smallest.
As a result of the present experiments, Fig 4 shows the total gamma-ray production cross sections and the corresponding errors of 14 N(d,pγ) 15 N reactions as a function of bombarding energy. For comparison, the data of Bebber et al. [3] , the only data found in literature for nitrogen is presented. The total/differential gamma-ray production cross sections of rays over the deuteron energy range of 500-1500 keV. However, they used a 4π gamma detector avoiding the problem of escape peaks disturbing other gamma peaks, and they obtained total cross sections independently from angular distributions. The discrepancy between the present and Bebber's results are not fully understood.
The energy dependence of the 28 Si(d,pγ) 29 Si cross sections reflect much more the direct reaction mechanism, with two exception. Firstly is the local maximum in the excitation function of 28 Si(d,pγ 2-0 ) 29 Si and 28 Si(d,pγ 3-0 ) 29 Si reaction at 1950 keV deuteron energy and another is at 1350 keV deuteron energy, where a local maximum emerges from the monotonously increasing yield in all four cases. One has to note that the error bars are quite large due to the smaller counting statistics.
Particle production cross sections
Particle production cross sections from the simultaneously measured particle yields were also determined and compared with literature data to corroborate the validity of our gamma-ray production cross sections.
The particle production cross section can be written as:
where dσ(E 0 ,β)/dΩ is the differential particle production cross section at deuteron energy E 0 and particle detection angle β , Y(E 0 ,β) is the measured particle yield (i.e. the net area of the particle peak corrected for live time) measured at deuteron energy E 0 and particle detection angle β, ε is the intrinsic efficiency of the particle detector (usually ~100%), Ω is the solid angle of particle detection (assumed to be small), N p is the number of incident ions and N t is the number of target nuclei per square centimeter. Uncertainties of the measured particle yields of nitrogen varied between 1-7%. The precision of the solid-angle determination of the particle detector (Ω) was 2.5%, which also includes the radioactivity determination of the Th(B+C) source. The average uncertainty concerning the particle production cross sections of nat N(d,d 0 [26] [27] [28] [29] [30] [31] [32] and two works recently [33, 34] . Previous results were compiled in [35] [36] [37] . Because of the high Q value of the reaction, very high states are excited in the compound nucleus 16 O (E x ≥ 20 MeV). According to the compilation of AjzenbergSelove [35] , the excitation functions of the proton groups do not show resonances below E d <5 MeV but merely fluctuations. These are at E d = 1.4, 1.7, 1.85 and 2.0 MeV in the energy range studied by us. The most detailed work was done by V. Gomes Porto et al. [26] . They measured the differential cross section of several proton groups and their angular distributions in the energy range 1.0 ≤ E d ≤ 3.1 MeV. They analysed these data using the optical model and the Hauser-Feshbach and DWBA theories, and concluded that both direct interaction and compound nuclear processes must be considered, based on the systematic trend as a function of energy and the fluctuations about the average behaviour. A broad resonance around 2 MeV was also found in the excitation function of 14 [38] . The deviation from the Rutherford character is clearly seen.
Summary
The main aim of the present work was to determine the total gamma-ray production cross section of 14 29 Si reactions. Secondly, we investigated the gamma-ray angular distribution of these reactions, which were considerably close to isotropic; these deviations can influence only slightly the measurements in IBA practice. In addition, the pronounced maximum in the cross section function of the 1885 keV 14 N(d,p ) 15 N gammaray, found around 1.4 MeV deuteron energy, called our attention to the particle spectra measured simultaneously with the gamma spectra. Although the original idea was to use only the elastic scattered peaks from these particle spectra to determine the number of projectiles and target atoms, we could also detect the 15 N proton groups, widening the original scope of our work. The gamma-ray and particle cross section data will be soon available to the ion beam community through IBANDL (Ion Beam Analysis Nuclear Data Library), hopefully opening up new possibilities for applications of the d-PIGE method. 
